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The significance of non-histone lysine methylation in cell
biology and human disease is an emerging area of re-
search exploration. The development of small molecule
inhibitors that selectively and potently target enzymes
that catalyze the addition of methyl-groups to lysine res-
idues, such as the protein lysine mono-methyltransferase
SMYD2, is an active area of drug discovery. Critical to the
accurate assessment of biological function is the ability to
identify target enzyme substrates and to define enzyme
substrate specificity within the context of the cell. Here,
using stable isotopic labeling with amino acids in cell
culture (SILAC) coupled with immunoaffinity enrichment
of mono-methyl-lysine (Kme1) peptides and mass spec-
trometry, we report a comprehensive, large-scale pro-
teomic study of lysine mono-methylation, comprising a
total of 1032 Kme1 sites in esophageal squamous cell
carcinoma (ESCC) cells and 1861 Kme1 sites in ESCC
cells overexpressing SMYD2. Among these Kme1 sites is
a subset of 35 found to be potently down-regulated by
both shRNA-mediated knockdown of SMYD2 and LLY-
507, a selective small molecule inhibitor of SMYD2. In
addition, we report specific protein sequence motifs en-
riched in Kme1 sites that are directly regulated by endog-
enous SMYD2 activity, revealing that SMYD2 substrate
specificity is more diverse than expected. We further
show direct activity of SMYD2 toward BTF3-K2, PDAP1-
K126 as well as numerous sites within the repetitive units
of two unique and exceptionally large proteins, AHNAK
and AHNAK2. Collectively, our findings provide quantita-
tive insights into the cellular activity and substrate recog-
nition of SMYD2 as well as the global landscape and
regulation of protein mono-methylation. Molecular &

Cellular Proteomics 15: 10.1074/mcp.M115.053280, 892–
905, 2016.

Protein lysine methyltransferases (PKMTs)1 catalyze the se-
quence-specific transfer of one, two, or three methyl groups
to the side chains of lysine residues (1–4). In addition to the
extensively studied lysine methylation on histones, PKMTs
can modify non-histone proteins (3, 5–8). An increasing num-
ber of non-histone proteins have been reported as PKMT
substrates, and, as a result, potential roles for the dysregula-
tion of non-histone lysine methylation in cancer development
and progression have been proposed (9). The majority of
PKMT substrates have been identified based on biochemical
methylation assays using recombinant enzyme and substrate,
followed by cell-based assays typically requiring overexpres-
sion of enzyme and/or substrate to maximize signal detection
(10–13). However, it is difficult to discern whether these sub-
strates are bona fide physiological substrates of endogenous
PKMT activity. With the development of PKMT-targeted drugs
emerging as a key area of drug discovery (14–18), unbiased
and quantitative methods enabling the comprehensive iden-
tification of histone and non-histone substrates in cells are
critical to clarifying the cell-relevant substrates of these en-
zymes and to more accurately understand the functions of
non-histone methylation.

Progressing from targeted biochemical assays for substrate
identification toward global and unbiased assays that monitor
PKMT activity in cells requires advanced proteomic ap-
proaches that can identify methylation sites in sufficient depth
and coverage and accurately quantify changes in the abun-
dance of these sites in response to perturbation. Mass spec-
trometry-based proteomics is a well-established tool for the

From the ‡Lilly USA, Lilly Research Laboratories, Indianapolis, In-
diana 46285; §Epigenetics Program, Department of Biochemistry and
Biophysics, Perelman School of Medicine, University of Pennsylvania
Philadelphia, Pennsylvania 19104; ¶Advanced Testing Laboratory,
Cincinnati, Ohio, 45242

Received July 14, 2014, and in revised form, January 4, 2016
Published, MCP Papers in Press, January 10, 2016, DOI 10.1074/

mcp.M115.053280
Author contributions: J.B.O., X.C., B.H., T.I.R., R.M.C., B.A.G., and

H.N. designed research; J.B.O., X.C., B.H., L.H.C., and A.H. per-
formed research; J.B.O., X.C., and B.H. analyzed data; J.B.O., X.C.,
B.A.G., and H.N. wrote the paper.

1 The abbreviations used are: PKMT, Protein lysine methyltrans-
ferase; CRU, Central repeat unit; DMSO, Dimethyl sulfoxide; ESCC,
Esophageal squamous cell carcinoma; HPLC, High-performance liq-
uid chromatography; Kme1, Mono-methyl lysine; LC-MS/MS, Liquid
chromatography and tandem mass spectrometry; PSM, Peptide-
spectrum match; PTM, Post-translational modification; SCX, Strong
cation exchange; SILAC, Stable isotopic labelling with amino acids in
cell culture.

Research
© 2016 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

crossmark

892 Molecular & Cellular Proteomics 15.3

http://crossmark.crossref.org/dialog/?doi=10.1074/mcp.M115.053280&domain=pdf&date_stamp=2016-1-10


global identification of post-translational modification (PTM)
sites and can be effectively coupled with immunoaffinity en-
richment of peptides using “pan-specific” antibodies that bind
to modified peptides independent of surrounding sequence
context (19, 20). Enrichment of modified peptides using pan-
specific antibodies has allowed for the identification of thou-
sands of acetylated and ubiquitinated lysine sites in cells
(21–23), and we and others have shown that pan-specific
methyl-lysine or methyl-arginine antibodies can effectively
and robustly enrich methylation modifications as well (7, 8).
Immunoaffinity enrichment is particularly critical in the case of
methyl-lysine peptides, as the methyl moiety itself imparts
sufficiently little physiochemical change to the side chain,
rendering the enrichment of these peptides refractory to con-
ventional separation methods. Other approaches that exploit
the naturally-occurring binding specificity of methyl-lysine re-
cognition protein domains, such as chromodomains and MBT
domains, have also shown some promise as enrichment re-
agents (24, 25). Nevertheless, the enrichment of non-histone
methyl-lysine peptides has not yet reached the success that
other types of PTMs (i.e. phosphorylation, ubiquitination,
GlcNAc, etc.) have met in recent years. Additionally, there are
currently no comprehensive large-scale proteomic studies
that have quantitatively measured the relative changes in
methyl-lysine site abundance or that link the regulation of
specific non-histone methyl-lysine sites to the activity of a
PKMT or demethylase.

SMYD2 is a cytoplasmic PKMT that is overexpressed or
amplified in various types of cancers (17, 26, 27), suggesting
potential roles for the mono-methyltransferase in oncogene-
sis. Biochemical substrates of SMYD2 have been described,
most notably the tumor suppressors p53 (10) and retinoblas-
toma (RB1) (13), and p53 has formed the basis of biochem-
ical and cell-based assays that have guided the develop-
ment of selective cell-permeable inhibitors of SMYD2 (28,
29), including LLY-507 (17). Biochemical and structural char-
acterization of SMYD2 activity toward p53 was recently used
to propose [LFM]-1[K][AFYMSHRK]�1[LYK]�2 as a consensus
sequence for SMYD2 substrate specificity (30); however,
whether the substrate specificity derived from such biochem-
ical analyses encompasses all SMYD2 substrates in cells is
unknown. In addition to substrates identified using biochem-
ical approaches, an investigation into proteins that stably
physically associate with SMYD2 led to the discovery of
HSP90AA1-K615me1 as a Kme1 site in cells directly regu-
lated by SMYD2 activity (31, 32). Despite the identification of
potential substrates, the cellular and molecular biology of
SMYD2 in oncogenesis remains largely understood—due, at
least in part, to a lack of comprehensive characterization of
endogenous SMYD2 activity in cells.

To address this challenge, we combined SILAC-based
quantitative proteomics (33) with highly-specific and high-
affinity pan-specific Kme1 antibody-based peptide enrich-
ment followed by nano-LC-MS/MS analysis (8) to quantify

changes in Kme1 site abundance upon changes in SMYD2
activity. As a model system, we used the esophageal squa-
mous cell carcinoma (ESCC) cell line KYSE-150, which har-
bors amplification of the SMYD2 gene (27), and SMYD2 ac-
tivity was modulated using either SMYD2 small molecule
inhibitor LLY-507, shRNA-mediated knockdown, or stable
overexpression of SMYD2. In total, we identified 1032 Kme1
sites in parental KYSE-150 cells and an additional set of 1861
Kme1 sites in KYSE-150 cells overexpressing SMYD2, com-
prising the most comprehensive and large-scale study of
Kme1 sites reported to date. We reveal a set of 35 Kme1 sites
that were down-regulated by knockdown or inhibition of
SMYD2, of which only HSP90AA1-K615me1 is known. Fur-
thermore, using biochemical methylation and mass spectrom-
etry assays, we confirm the identification of four novel SMYD2
substrates—BTF3, PDAP1, as well as AHNAK and AHNAK2,
which are two large proteins extensively methylated at multi-
ple positions in their repetitive units by SMYD2. In addition,
we report protein sequence motifs enriched in Kme1 sites
upon SMYD2 overexpression that were also down-regulated
upon perturbation of endogenous SMYD2, revealing unex-
pected sequence diversity in SMYD2 substrate recognition.
Collectively, our data represents the first comprehensive and
quantitative characterization of how protein methylation
changes in response to methyltransferase perturbation and
provides insights into SMYD2 substrates and specificity
within the context of the cell.

EXPERIMENTAL PROCEDURES

SILAC Cell Culture Conditions—KYSE-150 cells were cultured in
DMEM:F12 (1:1) media (Thermo Fisher Scientific, Grand Island, NY,
PI88215) supplemented with 50 mg/L light (Sigma-Aldrich, St. Louis,
MO L8662) or heavy (13C6, 99%; 15N2, 99%; Cambridge Isotope
Laboratories, Tewksbury, MA, CNLM-291-H-0.25g) lysine, 50 mg/L
light (Sigma-Aldrich, A8094) or heavy (13C6, 99%; 15N2, 99%; Cam-
bridge Isotope Laboratories, CNLM-539-H-0.25g) arginine, 115 mg/L
light proline (Sigma-Aldrich, P5607), and 10% dialyzed FBS (Thermo
Scientific, PI-88440) at 37 °C and 5% CO2. KYSE-150 cells stably
overexpressing SMYD2 (17) were cultured in the same medium and
conditions, with the addition of 5 �g/ml blasticidin (Thermo Scientific,
R210–01).

Cell Treatments and Western Blotting—Cells were grown in light or
heavy medium for six doublings and infected with lentivirus express-
ing a puromycin resistance gene as well as either control (in light
medium) or SMYD2-targeted (in heavy medium) shRNA (Sigma-Al-
drich) for 48 h, and then selected in the presence of 1.5 �g/ml
puromycin for an additional 48 h prior to harvest. KYSE-150 cells
overexpressing SMYD2 (17) were cultured in light or heavy medium
containing 5 �g/ml blasticidin for 2 weeks, treated with 5 �M LLY-507
(in heavy medium) or DMSO (in light medium) for 24 h, and then
harvested. Western blots were performed as previously described
(17) using the following antibodies: anti-SMYD2 (generated in-house
or Cell Signaling Technology, Danvers, MA, 9734 (D14H7)), anti-�-
actin (Sigma-Aldrich, A2228), anti-p53 (Santa Cruz Biotechnology,
Dallas, TX, SC-125 (DO1) or Cell Signaling Technology, 2524 (1C12)),
and anti-p53-K370me1 (generated in-house).

Cell Lysis, Protein Digestion, and Strong Cation-Exchange (SCX)
Fractionation—Cells were lysed in urea lysis buffer (8 M urea, 50 mM

Tris-HCl, pH 8.3, 50 mM NaCl, and 1X Halt protease and phosphatase

Quantitative Profiling of SMYD2 Activity in Cells

Molecular & Cellular Proteomics 15.3 893



inhibitor mixture (Thermo Scientific)) and sonicated. Protein lysates
from the total light and heavy cell lysates were mixed at a 1:1 ratio,
reduced using 10 mM DTT (Thermo Scientific), and alkylated using 50
mM iodoacetamide (Bio-Rad). Lysyl endopeptidase (Lys-C) (Wako
Laboratory Chemicals, Richmond, VA) was added to the protein
lysates at a ratio of 1:100 (w/w) for digestion at room temperature for
4 h. Urea was diluted to 1.5 M using 50 mM Tris-HCl (pH 8.3). Trypsin
(Worthington Biochemical Corporation, Lakewood, NJ) was added at
a ratio of 1:100 (w/w) for digestion overnight at room temperature.
Peptides were desalted using Sep-Pak C18 cartridges (Waters, Mil-
ford, MA) as described previously (34), and lyophilized peptides were
then dissolved in SCX Buffer A (10 mM KH2PO4, 30% acetonitrile, pH
2.7), centrifuged at maximum speed for 5 min to remove insoluble
material, and loaded onto a PolySULFOETHYL A™ column (9.4 mm
I.D. � 250 mm, PolyLC) using System Gold HPLC (Beckman Coulter,
Fullerton, CA). Peptides were separated through a gradient of 100%
Buffer A for 5 min, 0–25% Buffer B (10 mM KH2PO4, 500 mM KCl, 30%
acetonitrile, pH 2.7) for over 50 min, followed by 100% Buffer B for 5
min. Fractions were collected at 1 min intervals and combined into a
total of eight fractions. Fractions were frozen in liquid nitrogen, lyoph-
ilized to remove acetonitrile, desalted using Sep-Pak C18 cartridges,
and then lyophilized.

Cell Lysis and Subcellular Fractionation—Equal numbers of light
and heavy cells were subject to subcellular fractionation as previously
described (35, 36). Briefly, cells were lysed in ice-cold hypotonic lysis
buffer (10 mM HEPES-KOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, and
1� Halt protease and phosphatase inhibitor mixture (Thermo Scien-
tific)) and centrifuged at 225 � g for 5 min. Supernatant (cytoplasmic
fraction) was transferred into a new tube, and the remaining nuclear
pellet was resuspended in no-salt buffer (3 mM EDTA and 0.2 mM

EGTA) and rotated for 30 min at 4 °C. Following centrifugation at
6500 � g for 3 min, supernatant and pellet were saved as soluble
nuclear and chromatin fractions, respectively. Cytoplasmic and sol-
uble nuclear fractions were mixed with a fourfold volume of chilled
acetone overnight at �20 °C, respectively, and protein pellets were
dissolved in urea lysis buffer. Chromatin pellets was also dissolved in
urea lysis buffer and sonicated.

Immunoaffinity Enrichment of Mono-methylated Peptides—Lyoph-
ilized peptides were dissolved in 1 ml PBS buffer and centrifuged at
maximal speed for 5 min to remove any insoluble material. For SCX
fractionation samples, supernatants of each fraction were incubated
with 30 �g pan mono-methyl-lysine antibody (8) coupled to protein A
Mag Sepharose beads (GE Healthcare, Piscataway, NJ) overnight at
4 °C. One-hundred micrograms of antibody was used for each sub-
cellular fraction. Beads were washed three times with phosphate-
buffered saline (PBS) buffer followed by three washes with Milli-Q
water. Peptides were eluted from the beads twice using 100 �l 0.1%
TFA, and fractions were then combined and lyophilized. Eluted pep-
tides were desalted prior to LC-MS/MS analysis using in-house C18
STAGE tips as previously described (37).

Nano-LC-MS/MS Analysis and Protein Database Searches—Pep-
tide samples were loaded onto a 75 �m I.D. � 20 cm fused silica
capillary column packed with Reprosil-Pur C18-AQ resin (3 �m; Dr.
Maisch GmbH, Germany) and resolved using an EASY-nLC 1000
HPLC system (Thermo Scientific) coupled in-line with a Q-Exactive
(Thermo Scientific). The HPLC gradient consisted of 5–35% solvent B
(A � 0.1% formic acid in water; B � 0.1% formic acid in acetonitrile)
for 100–200 min, followed by 35% to 95% solvent B for 10 min, and
then held at 95% solvent B for 10 min, with a constant flow-rate of
300 nl/min applied throughout. Full MS spectrum scans (m/z 350–
1600) were performed at a resolution of 70,000 (at 200 m/z), and the
12 most intense ions were selected for MS/MS performed with high-
energy collision dissociation (HCD) with normalized collision energy of
25 at a resolution of 17,500 (at 200 m/z). Automatic gain control

targets of full MS and MS/MS scans were 1 � 106 and 1 � 105,
respectively. Unassigned charge states and singly charged species
were rejected, dynamic exclusion was set at 30 s, and lock mass
calibration was implemented using polysiloxane ions 371.10123 and
445.12000. The mass spectrometry data, including annotated spectra
for all mono-methylated peptides, was deposited to the Proteome-
Xchange Consortium (38) via the PRIDE partner repository with the
dataset identifier PXD002405.

The pFind studio package (v3.10) was used for database searching
and data analysis (39). Acquired MS/MS spectra were searched
against a target-decoy version of the UniProt human protein database
(May 16, 2014 release, 88,976 entries) consisting of forward and
reverse protein sequences. A maximum of three trypsin miscleavage
sites were allowed per peptide, and precursor ion and fragment ion
tolerances were set to 5 ppm and 0.02 Da, respectively. Cysteine
carbamidomethylation (�57.0215) was set as a static modification,
with lysine mono-methylation (�14.0156), protein N-terminal acety-
lation (�42.0106), and methionine oxidation (�15.9949) set as dy-
namic modifications. The SILAC quantification module was enabled
with lysine (�8.0142) and arginine (�10.0083). Peptide-spectrum
matches with the same sequence, modifications, and isotope-label-
ing were treated as the same peptide. A peptide-level false discovery
rate of 1.0% was applied to initially filter the search results (40), and
independent false discovery rate calculations were subsequently per-
formed for the mono-methyl-lysine peptides.

SILAC Ratios for Kme1 Sites, Data Normalization, and Statistical
Analyses—SILAC quantification ratios for Kme1 sites were calculated
as the median values of all Kme1 peptide ratios containing the same
Kme1 site. For example, the SILAC ratio for the PDAP1-K126me1 site
was calculated by averaging the individual ratios for the PDAP1 Kme1
peptides containing K126me1; specifically, the YM[Kme1]MHLAGK,
Y[Mox][Kme1]MHLAGK, YM[Kme1][Mox]HLAGK, and Y[Mox][Kme1]-
[Mox]HLAGK peptides (Mox � oxidized methionine). Kme1 site SILAC
ratios were corrected for uneven total protein mixing of the heavy and
light “input” protein lysates. The normalization factor to account for
the uneven protein mixing was generated by running an aliquot of the
combined peptide mixtures through LC-MS prior to anti-Kme1 anti-
body enrichment, and calculating the central value of the ratio distri-
bution. Significance thresholds for differentially-regulated Kme1 pep-
tides were defined as a fold-change �1.5 and p value � 0.05. The
AKAP13-K1670me1 site was used as an internal reference point for
calculating Kme1 site fold-changes and p values (Student’s t test) for
all Kme1 sites in the dataset.

SMYD2 Methylation Assays, SAH bioluminescence assay, and LC-
MS/MS—Biochemical methylation assays using recombinant full-
length human SMYD2 enzyme (purified in-house) were performed in
50 �l reactions overnight at 37 °C with shaking in 20 mM TRIZMA
buffer (Sigma-Aldrich), pH 8.5 or 9.1, supplemented with 1 �M S-
adenosyl-L-methionine (Sigma-Aldrich), 0.005% Surfact-Amps® 20
(Thermo Scientific), 4 mM Ultrapure DTT (Thermo Scientific), and 100
nM of the following His-tagged recombinant proteins: full-length BTF3
(Abcam, Cambridge, MA, 139205), full-length PDAP1 (Abcam,
ab40188), full-length p53 (purified in-house), AHNAK (amino acids
4105–4634; Bio Basic Inc, Markham, ON), and AHNAK2 (amino acids
832–1491; Bio Basic Inc.). S-Adenosyl-L-homocysteine (SAH) levels
were measured by bioluminescence using the MTase-GLOTM Rea-
gent (Promega, Madison, WI) according to manufacturer instructions.
Ten microliters of each methylation reaction was then denatured and
reduced by incubation with an equal volume of 5 mM DTT in 100 mM

ammonium bicarbonate containing 0.1% acid-labile detergent
RapiGest (Waters) for 30 min at 60 °C, alkylated by incubation with
iodoacetamide in 100 mM ammonium bicarbonate in the dark at room
temperature for 30 min, and digested with the addition of 10 ng
MS-grade trypsin (Thermo Scientific) in 10 �l of 100 mM ammonium
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bicarbonate and overnight incubation at 37 °C. RapiGest was re-
moved by the addition of 10 �l 5% trifluoroacetic acid in 50% ace-
tonitrile and incubation for 3 h at 60 °C. Three microliters of digested
sample was injected into a nano-LC system (Dionex UltiMate 3000)
coupled in-line with a Q-Exactive mass spectrometer (Thermo Scien-
tific). Peptides were captured on a C18 trap column prior to washing,
and eluted into a C18 resolving column (75 �m I.D. � 15 cm, Acclaim
PepMap 100, Thermo Scientific) with a two-solvent gradient (A:B �
0.1% formic acid in water:0.1% formic acid in acetonitrile, 1% B per
min). Mass spectrometric data were collected in full MS/AIF (all ion
fragmentation) mode at 140,000/70,000 resolution for mass ranges of
(200–2000)/(133–2000) Da. Primary MS data were initially searched
using Pinpoint (Thermo Scientific) for all possible methylated peptides
including multiple miscleavages and multiple methylations before the
search was narrowed to focus on the list of lysine residues identified
in the original SILAC experiments. Initial filtering criteria were as
follows: (1) extracted ion chromatograms (XICs) of all four major
isotopes within 10 ppm tolerance in primary MS spectra co-eluted
and the relative abundance needed to match predicted abundance;
(2) the observed charge distribution of the peptide needed to match
the number of positive groups on the peptide; (3) the methylated
peptide needed to migrate closely with the nonmethylated counter-
part (if detected); and (4) the peptide sequence was supported by the
AIF-MS2 fragmentation pattern of either the methylated or the non-
methylated peptide (or both depending on the abundance of each
peptide). All peptides that passed these criteria were followed up with
targeted MS2 for sequence confirmation and identification of the
position of the mono-methylation within the peptide. The peak areas
of the four major isotopes in the primary MS for the major charge
states were used for quantitation of methylated and nonmethylated
peptides.

RESULTS

Genetic and Pharmacological Disruption of SMYD2 Act-
ivity—To quantitatively measure changes in Kme1 sites fol-
lowing perturbation of SMYD2, we used SILAC (33) and the
ESCC model cell line KYSE-150, which harbors elevated
SMYD2 copy number and expression (27). We cultured cells
in light- or heavy-labeled medium and generated lines that
expressed control shRNA (“shControl”) or shRNA targeted
against SMYD2 (“shSMYD2”), respectively. In addition, we
generated cell lines that overexpressed SMYD2 (“SMYD2
overexpression”), cultured in either light- or heavy-labeled
media, and then treated with DMSO or LLY-507, a selective
and cell-active inhibitor of SMYD2 that we recently described
(17), respectively. Consistent with SMYD2 loss of function,
SMYD2 protein levels were depleted in heavy-labeled shS-
MYD2 cells relative to light-labeled shControl samples (Fig.
1A), and LLY-507 treatment strongly reduced the levels of p53
mono-methylated at lysine 370 (p53-K370me1) in SMYD2-
overexpressing lines (Fig. 1B).

Identification of Kme1 Sites in ESCC Cells—Because
SMYD2 is a protein lysine mono-methyltransferase (41), we
used pan-specific mono-methyl-lysine polyclonal antibodies
with excellent selectivity for Kme1 peptides that we previously
validated as effective affinity reagents for peptide enrichment
(8). Fig. 1C outlines a representative workflow for the replicate
SCX-based HPLC peptide fractionation and Kme1 enrich-
ment experiments. Briefly, protein extracted from a mixture

(1:1) of light-and heavy-labeled cells was digested into pep-
tides, separated into eight fractions by SCX-HPLC, immuno-
precipitated using mono-methyl-lysine antibodies, and iden-
tified and quantified using nano-LC-MS/MS analysis.
Experiments were conducted as biological triplicate assays,
involving the independent generation of both SMYD2 overex-
pression cell lines for LLY-507 treatment and SMYD2 shRNA
knockdown cells. Information regarding SILAC peptide charge
state and trypsin miscleavages, reproducibility of experimen-
tal replicates and Kme1 site identification, and other related
information are found in supplemental Figs. S1–S2. In total,
we identified 1032 Kme1 sites in 740 distinct proteins in
parental KYSE-150 cells and an additional 1861 Kme1 sites
mapping to 1217 proteins in SMYD2-overexpressing cells
(supplemental Table S1), comprising the largest and most
comprehensive mono-methyl-lysine proteomic dataset re-
ported to date (Fig. 1D).

To identify putative SMYD2 substrates, we searched for
Kme1 sites down-regulated in response to SMYD2 knock-
down or inhibition. We focused our quantitative analysis on a
set of 273 robust and reproducible Kme1 sites (i.e. identified
in at least two of three biological replicates) from 207 distinct
proteins in parental KYSE-150 cells, of which the majority had
not been reported (234 of the 273 Kme1 sites, or 85.7%). In
SMYD2-overexpressing cells, there were 664 Kme1 sites in
498 distinct proteins that were reproducibly identified, of
which we focused on a set of 198 Kme1 sites that overlapped
with the parental cell line (Fig. 1E). We calculated SILAC-
based quantification ratios (i.e. fold-changes) by averaging
the Kme1 peptide spectra containing the same Kme1 site and
normalized the ratios to the distributions of the total input
digested sample (“normalized peptide ratio”). We defined dif-
ferentially regulated Kme1 sites as those with normalized
peptide ratios � 1.5-fold-change and used a significance
threshold of p value � 0.05 relative to AKAP13-K1670me1, a
Kme1 site presumptively regulated by the PKMT SETD7 (7)
that was robustly identified with a near-1:1 SILAC-based
quantification ratio across experimental replicates (Fig. 2A–
2B, supplemental Table S2, supplemental Fig. S3). Knock-
down of SMYD2 in parental KYSE-150 cells resulted in the
significant down-regulation of 66 Kme1 sites (66 of the 273
reproducible Kme1 sites, or 24.2%) and no sites were signif-
icantly up-regulated. Treatment of SMYD2-overexpressing
cells with LLY-507 resulted in the down-regulation of 258
Kme1 sites (258 of the total 664 Kme1 sites, or 38.9%) with
virtually all the remaining Kme1 sites showing no significant
changes in abundance. HSP90AA1-K615me1, previously re-
ported to be targeted by SMYD2 (31), was found in our
analysis as a Kme1 site down-regulated by SMYD2 knock-
down and inhibition, but there was no reliable supporting
evidence for other Kme1 sites reported to be regulated by
SMYD2, including RB1-K810me1 (42), PTEN-K313me1 (11),
HSP90AB1-K531me1, or HSP90AB1-K574me1 (43). More-
over, Kme1 sites regulated by other PKMTs, such as
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MAP3K2-K260me1 (44); WIZ-K967me1 and EEF1A1-K55me1
(25, 45), H3K27me1 (46), and H3K36me1 (47) (Fig. 2C) were
unaffected by SMYD2 perturbation, suggesting that the quan-
titative changes in Kme1 site abundance that we observed
were consistent with the potent and specific inhibition of
SMYD2 activity.

In addition to HSP90AA1-K615me1, knockdown and inhi-
bition of SMYD2 resulted in the down-regulation of 34 Kme1
sites (Fig. 2D–2E), including previously observed sites in
CAPRIN1 (K675) (25) and PDAP1 (K126) (6, 7) that had not
been ascribed to SMYD2 activity. Interestingly, multiple
novel Kme1 sites in AHNAK (K2589, K1205, and K1791) and
AHNAK2 (K939, K932, and K3414) were significantly down-
regulated by SMYD2 knockdown and inhibition, indicating
that multiple sites within these proteins are regulated SMYD2
activity. As with AKAP13-K1670me1, several other Kme1

sites, such as WIZ-K967me1, WIZ-K975me1, and OTUD4-
K1040me1, showed little-to-no change in abundance in re-
sponse to SMYD2 perturbation (Fig. 2E). Collectively, these
data reveal a set of 35 SMYD2-regulated Kme1 sites, sug-
gesting that SMYD2 targets a significantly wide spectrum of
substrates in ESCC cells.

Candidate Kme1 Sites as Cellular Markers of Endogenous
SMYD2 Activity—There are currently no robust or reliable cel-
lular endpoints for the measurement of endogenous SMYD2
activity. Previously reported SMYD2-mediated Kme1 sites on
p53 (10) and RB1 (13) require exogenous overexpression of
either SMYD2 and/or the substrate protein in order to drive
substrate methylation in cells. We reasoned that Kme1 sites
that are commonly identified in proteomic datasets and in
various cell lines are likely sufficiently abundant so as to serve
as candidate markers of endogenous SMYD2 activity. Ac-

FIG. 1. Global identification of Kme1 sites using SILAC-based proteomics and Kme1 immunoaffinity enrichment. A, Western blot
analysis of SMYD2 or �-actin in parental KYSE-150 cells infected with lentivirus expressing either control shRNA (shControl) or shRNA targeted
against SMYD2 (shSMYD2). B, Western blot analysis of p53-K370me1, total p53, SMYD2, and �-actin following treatment of KYSE-150 cells
overexpressing SMYD2 with either DMSO or LLY-507. C, Overview of the experimental approach used for SILAC-based peptide labeling and
enrichment of lysine mono-methylated peptides in this study. D, Comparison of current and previously published datasets in terms of the
number of Kme1 sites (black) and proteins with reported Kme1 sites (red). E, Venn diagram illustrating the number of reproducible Kme1 sites
in parental cells and in SMYD2-overexpressing cells.
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FIG. 2. Kme1 sites down-regulated following knockdown or inhibition of SMYD2. A, Volcano plot illustrating the normalized peptide ratio
(shSMYD2/shControl) and p value distribution of Kme1 sites identified in control or SMYD2 knockdown cells. B, Volcano plot illustrating the
(LLY-507/DMSO) and p value distribution of Kme1 sites identified in SMYD2-overexpressing KYSE-150 cells following treatment with
LLY-507 or DMSO. C, Normalized peptide ratios of the SMYD2-dependent Kme1 site in HSP90AA1 (K615) upon SMYD2 knockdown as
well as Kme1 sites known to be regulated by other PKMTs. D, Venn diagram illustrating the overlap in Kme1 sites (identified in at least two
of three replicate experiments) identified in parental KYSE-150 and SMYD2-overexpressing cell lines. E, Venn diagram illustrating the
number of Kme1 sites down-regulated by SMYD2 knockdown in parental KYSE-150 cells and by LLY-507 treatment in SMYD2-
overexpressing cells. F, Normalized peptide ratios for Kme1 sites down-regulated in response to SMYD2 knockdown and to LLY-507
treatment.
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cordingly, we integrated the 273 reproducible Kme1 sites in
KYSE-150 cells with other comparable proteomic Kme1 da-
tasets (6–8), collectively encompassing seven cell lines and
1072 Kme1 sites (Fig. 3A). We then identified a set of 14 Kme1

sites that were consistently identified across the majority of
cell lines and studies (i.e. identified in at least four of seven cell
lines) (Fig. 3B–3C). We found that six of these 14 Kme1 sites,
namely MADD-K884me1, BTF3-K2me1, EEF1A1-K318me1,

FIG. 3. SMYD2 knockdown down-regulates the abundance of Kme1 sites commonly identified in proteomic experiments and across
a variety of cancer cell lines, including BTF3-K2 and PDAP1-K126. A, Number of Kme1 sites (red) and mono-methylated proteins (black)
identified in the indicated cell lines. Only the 273 reproducible Kme1 sites in the parental KYSE-150 cell line are represented. B, The number
of overlapping Kme1 sites identified in the indicated proteomic datasets among with the cell lines that were profiled in the respective studies.
Specific Kme1 sites are listed in Supplemental Table S3. C, Kme1 sites (and their sequences) that were identified in at least four of the seven
cell lines profiles to date and their normalized SILAC peptide ratio in response to SMYD2 knockdown in parental KYSE-150 cells. * � p value �

0.05 relative to AKAP13-K1670me1. D, Bioluminescence assays monitoring the production of SAH following incubation of 100 nM of protein
substrate with the indicated concentrations of SMYD2. E, MS1 peak quantification of the indicated Kme1 peptide following biochemical
methylation reactions using full-length recombinant BTF3 or PDAP1 with the indicated concentrations of SMYD2. 1, Cao et al., 2013; 2, Wu
et al., 2014.
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RPL5-K164me1, PDAP1-K126me1, and HSP90AA1-K615me1
were significantly down-regulated by SMYD2 knockdown in
parental KYSE-150 cells (Fig. 3C).

Of these six proteins, we sought to further characterize
SMYD2 activity toward BTF3 and PDAP1. To ensure accuracy
of the SILAC quantification, we confirmed down-regulation of
the SILAC ratios of the Kme1 peptides derived from these
Kme1 sites by manual annotation of the MS1 and MS2 mass
spectra (supplemental Figs. S4–S5). We then used Western
blot analysis to ensure that SMYD2 knockdown did not result
in significant protein-level down-regulation of either protein
(supplemental Fig. S6), ruling out the possibility that changes
in the SILAC ratios for these sites were the result of changes
in total protein level. We then used biochemical methylation
assays to monitor the activity of recombinant SMYD2 toward
recombinant BTF3 or PDAP1 using bioluminscence assays to
measure the conversion rate of the methyl-donor S-adenosyl-
L-methionine (SAM) to S-adenosyl-L-homocysteine (SAH). In-
deed, the use of BTF3 or PDAP1 as substrates, as with
recombinant p53, resulted in increased SAH production in a
manner proportional to SMYD2 concentration, confirming
these two proteins as direct substrates of SMYD2 (Fig. 3D and
supplemental Fig. S7A–S7B). Mass spectrometry analysis
confirmed that recombinant BTF3 and PDAP1 were specifi-
cally mono-methylated at the K2 (or K46, depending on pro-
tein isoform) and K126 residues, respectively (supplemental
Figs. S8–S9), consistent with the initial SILAC identification
of these sites in cells (Fig. 3E). These data confirm BTF3 and
PDAP1 as direct substrates of SMYD2 and highlight
HSP90AA1-K615me1, BTF3-K2me1, and PDAP1-K126me1
as candidate markers for monitoring endogenous SMYD2
activity in cells.

Enriched Sequence Motifs in Kme1 Sites That Are Regu-
lated by SMYD2 Activity—We next searched for sequence
motifs that were enriched in the parental cell line-derived
reproducible 273 Kme1 sites using the motif-X algorithm (48).
We found that two sequences motifs, FK and LK, were sig-
nificantly enriched in this peptide subset relative to the rest of
the human proteome (Fig. 4A, supplemental Table S4). The FK
and LK motifs were also enriched in the 664 Kme1 sites
reproducibly identified in SMYD2-overexpressing cells, with
the addition of LKGP, LKR, LKA, FKS, FKG, LKS, MK, and YK
motifs. Of these 10 motifs, LKGP exhibited a particularly
striking 122.4-fold enrichment relative to the human proteome
(Fig. 4B), and, incidentally, all the Kme1 sites containing this
motif mapped to either AHNAK or AHNAK2 (Fig. 2E). In addi-
tion, there were striking similarities, particularly at the �1
position, between the enriched motifs that we observed and
the [LFM]-1[K][AFYMSHRK]�1[LYK]�2 substrate specificity
derived from SMYD2 biochemical activity (30). However, we
also observed a general lack of enrichment of specific amino
acids at the �2 positions, suggesting that SMYD2 may rec-
ognize a more diverse collection of substrates in cells than
originally predicted by biochemical and structural analyses.

Collectively, the enrichment of these sequence motifs was
most likely the direct result of increased enzyme activity in
SMYD2-overexpressing cells.

To assess whether the enriched sequence motifs identified
in the SMYD2 overexpression dataset reflected the activity of
endogenous SMYD2, we characterized the 273 Kme1 sites
reproducibly identified in the parental KYSE-150 cell line ac-
cording to the presence or absence of at least one of these
motifs and compared the normalized peptide ratios of the two
groups upon SMYD2 knockdown. We found that Kme1 sites
containing an enriched sequence motif (167 of the total 273
Kme1 sites, or 61.2%) were significantly down-regulated in
response to SMYD2 knockdown relative to the remaining
Kme1 sites that did not contain an enriched sequence motif
(106 of the total 273 Kme1 sites, or 38.8%) (Average nor-
malized peptide ratio (“presence of motif”/“absence of mo-
tif”) between the two groups � 0.616, p value � 4E�9) (Fig.
4C). In addition, Kme1 sites containing LKS, LKGP, LKG,
LKR, LKA, FKR, LK, or FK sequence motifs were also sig-
nificantly down-regulated following knockdown of endoge-
nous SMYD2 activity (Fig. 4D, supplemental Table S5). Al-
though only a small number of Kme1 sites we identified in
cells fit within the confines of the reported SMYD2 consensus
specificity [LFM]-1[K][AFYMSHRK]�1[LYK]�2 (seven of the to-
tal 273 reproducible Kme1 sites, or 2.6%), these Kme1 sites
were nonetheless significantly down-regulated as well,
but not the Kme1 sites containing biochemical consen-
sus sequences for the mono-methyltransferases SETD7
([RK]-2[AST]-1[K]) or G9a/GLP ([R]-1[K]) (49, 50). Collectively,
these data suggest the specific activity of endogenous SMYD2
toward Kme1 sites harboring these enriched motifs.

The Repetitive Units of AHNAK and AHNAK2 Are Uniquely
Mono-methylated by SMYD2 at Multiple Sites—The majority
of the mono-methylated proteins in our dataset contained
either one or two Kme1 sites (197 of the total 206 mono-
methylated proteins, or 95.6%). Because SMYD2 overexpres-
sion resulted in an increased number of Kme1 sites identified
relative to the parental cell line (664 Kme1 sites and 273 Kme1
sites, respectively), we hypothesized that SMYD2 overexpres-
sion may have increased the number of Kme1 sites that occur
in certain proteins. To test this possibility, we compared the
number of Kme1 sites identified in each protein in parental
cells relative to that of SMYD2-overexpressing cells. Indeed,
the vast majority of proteins showed little-to-no change in the
overall number of Kme1 sites identified per protein (i.e. one or
two Kme1 sites per protein) with the exception of two pro-
teins: AHNAK and AHNAK2. Overexpression of SMYD2 re-
sulted in the identification of 10 additional Kme1 sites in
AHNAK2 (increased from seven sites to 17) and an additional
26 sites in AHNAK (increased from 18 sites to 44) (Fig. 5A). We
manually verified the accuracy of SILAC quantification
for Kme1 peptides derived from these two proteins
(supplemental Figs. S10–S11) and confirmed by immunoflu-
orescence that, in the case of AHNAK, SMYD2 knockdown
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did not affect total protein levels (supplemental Fig. S12). In
both the parental and SMYD2-overexpressing cell lines, we
found that the majority of Kme1 sites in AHNAK and AHNAK2
contained the LKGP sequence motif with, in some instances in
AHNAK2, leucine (L) at the �1 position replaced by isoleucine (I)

or valine (V) (Fig. 5B). Strikingly, approximately half the 271
occurrences of the LKGP sequence in the human proteome
map to either AHNAK or AHNAK2 (135/271, 49.8%), suggesting
that not only is the LKGP sequence motif enriched in Kme1
sites, but it is also highly over-represented in AHNAK and AH-

FIG. 4. Enrichment of known and novel specificity sequence motifs in SMYD2-targeted Kme1 sites. A, Sequence motifs enriched in the
Kme1 sites identified in parental KYSE-150 cells or in SMYD2-overexpressing cells. B, Fold-increase in the occurrence of each enriched
sequence motif compared with the background proteome based on motif-X analysis. See Supplemental Table S4 for complete motif-X results.
C, Normalized peptide ratios for Kme1 sites that contained an enriched sequence motif (black) and Kme1 sites that did not (blue). p value
calculation is based on the normalized peptide ratios of Kme1 sites in each group using Student’s t test. D, Normalized peptide ratios for Kme1
sites containing the indicated enriched sequence motif. p value calculations are based on comparison of the normalized peptide ratios of Kme1
sites in “No motif” using Student’s t test. n.s., not significant; *p value � 0.0005; **p value � 0.00005, ***p value � 0.000005. 1, Lanouette et
al., 2015; 2, Rathert et al., 2008; 3, Dhayalan et al., 2011.

Quantitative Profiling of SMYD2 Activity in Cells

900 Molecular & Cellular Proteomics 15.3

http://www.mcponline.org/cgi/content/full/M115.053280/DC1
http://www.mcponline.org/cgi/content/full/M115.053280/DC1


NAK2 relative to the rest of the proteome. These findings show
that AHNAK and AHNAK2 are unique among SMYD2 methyla-
tion substrates—and mono-methylated proteins in general—in
that they are extensively mono-methylated at multiple sites and
primarily at sites containing the LKGP motif.

AHNAK and AHNAK2 are described as giant proteins, given
their estimated molecular weights of 629 and 617 kDa, re-
spectively, and share similar protein architectures comprising
three major protein domains: an N-terminal PDZ domain, a
central region comprising several, sometimes degenerate, cen-

FIG. 5. AHNAK and AHNAK2 are mono-methylated at multiple sites by SMYD2. A, Changes in the number of Kme1 sites per protein
identified in parental KYSE-150 cells and in SMYD2-overexpressing cells. Only reproducible Kme1 sites (i.e. identified in two of three
experimental replicates) are included. AHNAK and AHNAK2 are highlighted in red. B, Protein sequence alignment of select Kme1 sites in
AHNAK and AHNAK2 that were down-regulated by SMYD2 knockdown. C, Protein domain architecture of AHNAK and AHNAK2 and the
positioning of the identified Kme1 sites within a representative consensus central repeat unit (CRU) of each protein. The asterisk indicates that
this site ambiguously maps to AHNAK as well. E, MS1 peak quantification of mono-methyl peptide products from biochemical methylation
reactions of AHNAK2–4CRU with the indicated concentration of recombinant SMYD2. Abbreviations: me0, unmodified peptide; me1,
mono-methylated peptide; 1Me, single mono-methylation site; 2Me, double mono-methylation site.
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tral repeat units (CRUs), and a C-terminal domain. The central
region of AHNAK comprises 24 128-mer CRUs that are inter-
spersed with 13 shorter 76-mer CRUs, whereas AHNAK2
contains 24 contiguous 165-mer CRUs (Fig. 5C). Using the
consensus 128-mer and 165-mer CRU sequences of AHNAK
and AHNAK2, respectively, we mapped the Kme1 peptides
from each protein to fixed positions within the consensus
CRUs; specifically, lysines 18, 69, and 83 in the CRU of
AHNAK, and lysines 101 and 108 in the CRU of AHNAK2 (Fig.
5C). Mass spectrometry data also suggested a potential ad-
ditional Kme1 site exists at K115 in the AHNAK2 CRU; how-
ever, the peptides representing the AHNAK2-K115me1 site
ambiguously mapped to AHNAK as well (supplemental Table
S6). The repetitive nature of the CRUs of AHNAK and
AHNAK2 and the multiple mapping of several Kme1 peptides
within either AHNAK or AHNAK2 (see supplemental Table S6)
prevent the precise determination of the number of SMYD2-
mediated Kme1 sites in these two proteins based on mass
spectrometry alone; however, after considering the mapping
of peptides to multiple sites within AHNAK and AHNAK2, as
well as the AHNAK2-K115me1 peptides ambiguously map-
ping to both proteins, we estimate that the number of Kme1
sites within each protein could range between a lower limit of
26 and 10 and an upper limit of 51 and 52 Kme1 sites in
AHNAK and AHNAK2, respectively.

To confirm direct SMYD2-mediated mono-methylation of
AHNAK and AHNAK2, we performed biochemical methylation
assays using recombinant protein fragments consisting of
four contiguous CRUs (4CRU) from either protein. As with
BTF3 and PDAP1, incubation of recombinant SMYD2 with the
four CRUs of either AHNAK or AHNAK2 resulted in increased
levels of SAH in a manner proportional to the concentration of
SMYD2 (supplemental Fig. S1). Using mass spectrometry, we
confirmed that the SMYD2-dependent mono-methylation oc-
curs at multiple LKGP sites at position 83 in the CRU of
AHNAK, as well as multiple LKGP and VKGP sites at positions
101 and/or 108, respectively, in the CRU of AHNAK2 (Fig. 5D
and supplemental Figs. S13–S14). Collectively, these data
confirm that the CRUs of AHNAK and AHNAK2 are directly
and extensively mono-methylated at multiple positions by
SMYD2.

DISCUSSION

A Quantitative Proteomic Approach for the Characterization
of PKMT Activity in Cells—Methods for broad spectrum iden-
tification of lysine methylation site signatures for PKMTs in
cells is a critical bottleneck that limits the scope of investiga-
tions aimed at delineating their biological role(s). The quanti-
tative proteomic approach that we described here, which
coupled SILAC-based relative quantification, immunoaffinity
enrichment, and nano-LC-MS/MS, resulted in the most com-
prehensive global proteomics study of mono-methyl-lysine
reported to date and, with other Kme1 proteomic datasets,
significantly expands the cellular landscape of mono-methy-

lated lysine sites (6–8, 25). We also showed that quantitative
proteomics using methyl-lysine immunoaffinity enrichment
and genetic and pharmacological modulation of PKMT activ-
ity reveals unexpected and powerful global insights into
PKMT substrates and substrate specificity that are not attain-
able by conventional approaches. Although SMYD2 was the
PKMT selected for proof-of-concept, we emphasize that the
application of this quantitative immunoaffinity proteomic ap-
proach to the study of other methyl-lysine regulatory proteins
such as other PKMTs and lysine demethylases, is conceptu-
ally and technically straight-forward and can reveal impactful
insights into enzyme activity.

Identification of Novel SMYD2 Substrates—The Kme1 pro-
teomic dataset that we described here comprises the first
comprehensive quantitative investigation into changes in
Kme1 site abundance upon perturbation of the activity of a
PKMT. Consistent with potent and selective disruption of
SMYD2 activity, the known HSP90AA1-K615me1 site was
down-regulated by SMYD2 knockdown, but not other Kme1
sites known to be regulated by other PKMTs (Fig. 2C). In
addition, we reported 34 additional Kme1 sites down-regu-
lated by knockdown or inhibition of SMYD2 (Fig. 2E). Further-
more, we showed that PDAP1-K126 and BTF3-K2 are directly
mono-methylated by SMYD2 and, along with HSP90AA1-
K615, show promise as potential markers for the direct mon-
itoring of endogenous SMYD2 activity. Importantly, BTF3 and
PDAP1 are broadly expressed across ESCC and other types
of cancer cell lines, and the BTF3-K2me1 and PDAP1-
K126me1 sites were also identified in cell lines that express
relatively lower levels of SMYD2 (supplemental Fig. S16) (6),
suggesting that over-expression of SMYD2 is not required for
their detection in cells. As we recently reported (17), pertur-
bation of SMYD2 had no significant quantitative effect on
global levels of histone methylation, but rather affected the
global levels of several non-histone Kme1 sites, as we dem-
onstrated here, suggesting that SMYD2 primarily functions as
a non-histone PKMT. In addition, there was no overlap be-
tween the Kme1 sites we identified in cells and the Kme1 sites
(and tryptic Kme1 peptides) reported in biochemical methyl-
ation assays using recombinant proteins and artificial cell-
based overexpression systems (11, 42, 43). Although we can-
not confidently assert that these Kme1 sites do not occur in
endogenous cellular contexts, we do emphasize the Kme1
sites we report here are of sufficient abundance for robust and
reproducible monitoring and warrant attention in additional
studies into the cellular activity of SMYD2.

Novel Insights into SMYD2 Substrate Recognition—We re-
ported a collection of 10 enriched sequence motifs in Kme1
sites that were identified upon SMYD2 overexpression (Fig.
4A), and we showed that these Kme1 sites were also down-
regulated in response to SMYD2 knockdown. These findings
suggest that these motifs reflect the substrate specificity of
SMYD2 in cells. The motif sequences we observed overlap
with the recently reported [LFM]-1[K][AFYMSHRK]�1[LYK]�2
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consensus specificity for SMYD2 (30), although only seven
Kme1 sites that we identified in cells fit within the confines of
this specificity signature. Moreover, this consensus specificity
signature does not account for the novel Kme1 sites in BTF3,
PDAP1, AHNAK, or AHNAK2 that we characterized in our
study, suggesting that characterizing the activity of SMYD2
toward a single substrate (i.e. p53) may be insufficient to
capture the breadth of its substrate specificity in cells; nota-
bly, the LKGP sequences in AHNAK and AHNAK2 likely rep-
resent a distinct mode of substrate recognition, one that
merits further biochemical and structural characterization for
potential new insights. Hence, we propose that our quantita-
tive proteomics approach sheds insights into SMYD2 sub-
strate specificity that can complement and inform systematic
biochemical and structural analyses of enzyme activity.

New Frontiers to Explore for SMYD2 Biology—The identifi-
cation of Kme1 sites that are regulated by SMYD2 activity in
cells is intended to serve as a hypothesis-generating frame-
work to enable further in-depth investigation into SMYD2
biology. The significance of protein mono-methylation and
how these sites modulate the function(s) of these proteins
needs to be characterized in detail. Although many of these
putative SMYD2 substrates are largely functionally uncharac-
terized, there are nonetheless several substrates that raise
intriguing possibilities for potential roles for SMYD2 in pro-
growth signaling pathways. For example, there are now mul-
tiple lines of evidence supporting an oncogenic role for
FAM83B, in which we identified SMYD2-mediated mono-
methylation sites at K652 and K661 (51–53). We also identi-
fied a SMYD2-mediated mono-methylation site at K1304 in
RICTOR, a component of the mTORC2 kinase complex (54)
as well as in the intracellular domain of GPR126, an adhesion
G-protein coupled receptor that bridges type-IV collagen in
the extracellular matrix to intracellular cyclic AMP signaling
(55). BTF3 is a component of the evolutionary-conserved
nascent polypeptide-associated complex (NAC) that prevents
the inappropriate recruitment of ribosomes to the endoplas-
mic reticulum (56, 57). The precise function of PDAP1 is
unclear, but it has been reported to be highly up-regulated in
the secretome of neoplastic gastric epithelial cells (58), a
context in which SMYD2 activity was recently characterized
(26). Finally, AHNAK and AHNAK2, which are uniquely and
extensively directly mono-methylated by SMYD2, appear to
possess diverse functionality (reviewed in (59)) with roles
ranging from cell adhesion (60), cell signaling (61, 62), and
tumor cell migration and invasion (63). Whether the extensive
mono-methylation of the AHNAK and AHNAK2 CRUs by
SMYD2, as well as the individual sites we identified in other
SMYD2 substrates, regulates the function of these and other
proteins remains to be determined.
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